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Summary 


1. Seasonal variations, over a period of 24 years, in the total weight of 
earthworms per square foot, and in the weights. numbers, and average 
weights of Allolobophora caliginosa and Lumbricus rubellus in a 
highly productive pasture at Grasslands Division, Palmerston North, 
are presented graphically and described. Separate data are presented 
tor earthworms under and over 3 cm. in length. 

. Soil moistures, 4-in. ground temperatures, and dry-herbage pro- 
duction figures for the 24-year period are presented graphically. 

3. Pot experiments are described showing the negligible effect upon 

the above species of earthworms of the seasonal variations in 
temperature occurring at Palmerston North, and evidence is drawn 
trom the graphs in support of the conclusion that soil conditions 
associated with high soil moisture probably did have an adverse 
effect upon the earthworms. 

+. It is concluded that the seasonal rises in the earthworm weights and 

numbers were chiefly caused by seasonal flushes of dead root and 
co a lesser extent dead herbage debris, the seasonal decreases in the 
varthworm weights and numbers being attributed to the natural 
exhaustion of these flushes and to the adverse effect upon the earth- 
worms of the conditions of poor acration that accompany high soil 
moisture. 


INTRODUCTION 


There is accumulating evidence that earthworms stimulate the 
growth of pasture plants. The weights and numbers of earthworms in 
pasture is therefore of increasing interest. 


Evans and Guild (1947) studied the seasonal changes in the number 
ol earthworms in a grass pasture on a silty medium loam at Rothamsted. 
The earthworms were expelled from the soil with a solution of potassium 
permanganate. The counts show great variability between successive 
samplings which the authors suggest was due primarily .to limitations 
of the potassium permanganate method. They found the earthworm 
population to be highest in the autumn and lowest in the summer, and 
higher in spring than in winter. 


They also studied the seasonal activity of earthworms by coliecting 
worm casts at about four-day intervals. The data obtained in this way 
are unlikely to have given an adequate picture of earthworm activity as 
a whole, because, of the six species present, only Allolobophora nocturna 
and Allolobophora longa cast on the surface. 


Hopp (1947) sampled hay pasture and tilled corn plots on a 
Sassafras loam in Maryland by removing cores, approximately 7 in. in 
diameter and 7 in. deep, at approximately monthly intervals for a year. 
This method is open to the objection that it is not known what proportion 
of the earthworm population present was below 7 in., nor whether this 
preportion varied throughout the year. Under sod, the greatest weight 
of earthworms occurred in the spring, the greatest number in carly 
summer, and the least weight and number in the autumn. 
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It is impossible to decide whether the differences between the 
English and American observations are due to climatic factors, tœ the 
type and productivity of the pasture studied, or to differences in 
technique. Moreover, seasonal trends are difficult to define in trials 
lasting a maximum period of 16 months. 


It was found (Waters, 1951; Sears and Evans, 1953) from samples 
taken in spring at Palmerston North and in winter at Gore that the 
weight of earthworms under a pasture was almost directly proportional 
to the annual dry-matter production of the pasture. Herbage pro- 
duction in the plots ranged from 1,000 to 15,000 lb. of dry matter per 
acre per annum. The soil contained approximately 170 lb. of earthworms 
per acre per 1,000 lb, of annual dry-matter production, and thus up to 
2,400 Ib. of earthworms per acre. It was not known, however, whether 
the weights recorded were annual maxima or not, nor how the population 
varied throughout the year under New Zealand conditions. Accordingly, 
a study of the earthworm population in a highly productive pasture was 
undertaken to determine the extent and pattern of seasonal variations. 


EXPERIMENTAL METHCD 


This study began in June 1951 and continued for a period of 
23 years. The area under observation consisted of 1/20 acre of 8-year- 
old pasture of perennial ryegrass and white clover grazed by sheep at 
Grasslands Division, Palmerston North. The dry-herbage production 
per acre of this area was 13.900 Ib. in 1951 and 15,180 lb. in 1952. 
The soil is classified as Manawatu silt loam of recent origin (Taylor 
N. H. et al., 1954). 


The area was sampled once a month by cutting out 33 randomly 
distributed plugs 6.9 in. square (ie. 14 sq. ft.) and 1 ft. deep. This 
number of samples was adopted to reduce the standard error of the 
mean weight of earthworms per square foot to less than 5%. Each plug 
was divided into three +-in. layers. If any earthworms were discovered 
in the bottom layer further layers were removed until it was clear that all 
the earthworms in the sampled area had been recovered. Since the 
taajority of earthworms occurred in the top or middle 4 in., a 12-in, 
depth, or at most a 16-in. depth, was sufficient. Sampling was 
at approximately monthly intervals, and took 3 days, 11 plugs being 
dug up and dissected each day. The earthworms removed were stored 
in moist glass jars until the fourth day. They were then separated into 
their two constituent species, Allolobophora caliginosa and Lumbricus 
rubellus and grouped into small worms (up to 3 cm. long) and large 
worms (3 cm. and over). The worms in each category were then counted, 
after which the small and large worms of each species were bulked and 
weighed to give the total weight of each species. The weighing was 
done on the fifth day, the guts of the earthworms being by then almost 
empty. While in the scouring jars the earthworms were washed daily 
to prevent self poisoning and were stored in the dark. In summer the 
jars were stored in a cool room. 


Soil moistures were determined each week from 35 soil plugs 
each | in. in diameter anc Žin. deep, dried in an oven at 110°r. Mean 
monthly ground temperatures at + in. were calculated from the records 
of the local meteorological station situated about +00 yd. from the 
experimental area, it having been found that the soil temperatures at 
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Fig. |.—Seasonal variation in total weight of earthworms per sq. ft. 


+ in. were the same at the station as on the area. The area was grazed 
at intervals of approximately 3 weeks. The dry-herbage production 
of the experimental area was determined from the herbage yields of two 
10 ft. X 4ft. sample areas, protected from stock by netting-covered 
frames. These areas were harvested immediately after each grazing. 


Standard errors were calculated on the records of total earthworm 
weights per square foot. 


RESULTS 
Total Weight of Earthworms 


Changes in total weight of earthworms per sq. ft., pasture pro- 
duction, 4-in. soil temperatures, and soil moistures, are shown in Fig .1. 
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Yotal weight of earthworms fell to a low level of about 13 g. per sq. ft. 
in late summer and increased rapidly in the autumn to reach a maximum 
of 25 to 30 g. in the early winter. Thus the total weight doubled over 
a period of + to 5 months. 
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Fig. 3.—Total weight of L. rubellus per sq. ft. 


Variations in Weight and Numbers of Different Species 


There were generally only two species of earthworm in the pasture 
examined, Allolobophora caliginosa and Lumbricus rubellus. Very 
occasionally an individual of Octoclasium cyancum was found. All these 
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worms are of European origin. A. caliginosa was the dominant species, 
cunstituting, over the whole period, 80.6% of the population by weight 
and 86.3% by number. 
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Fig. 4+—Average weight per worm. 


Both species showed roughly the same seasonal trends in total 
weight (Figs. 2, 3) but the variations in total weight of L. rubellus 
(+ 5666 of the mean) were relatively greater than those of A. caliginosa 
(+ 33% of the mean). This larger variation in total weight of L. 
rubellus is associated with larger variations in both numbers and average 
weight of worms (Figs. 3, +). 


Numbers of large L. rubellus also follow a fairly regular seasonal 
pattern (Fig. 3) but the numbers of large A. caliginosa (Fig. 2) have 
a less definite seasonal pattern owing to their having been limited in the 
autumn of 1952, presumably by the death of small worms in drought. 


Numbers of small L. rubellus rose to a high level during the autumn 
(Fig. 3), presumably on account of high hatching rates at this time, 
and declined steeply during the winter. In the spring and summer small 
worms were scarce. 


Numbers of small A. caliginosa (Fig. 2) showed no seasonal pattern 
nor could any relationship be discovered between the numbers of small 
worms and the numbers of large worms. 


Both species showed a seasonal pattern of variation in the average 
weight of large worms (Fig. +). The average weight of the large A. 
caliginosa rose in the autumn and winter though numbers also rose, and 
fell in the spring and summer though numbers fell. On the other hand, 
the average weight of the large L. rubellus fell in the autumn and winter. 
the influx of young worms being so much greater than in the case of 
A. caliginosa, and rose in the spring and summer when small worms were 
scarce. It is clear, therefore, that the pattern in the average weight of 
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L. rubellus was chiefly the result of the relatively greater effect on the 
L. rubellus weights of abundance and scarcity of small worms. 
Pot Experiments 


As part of a series of earthworm feeding trials, pot experiments 
vith earthworms have been carried out at all seasons. These experi- 
menis were conducted in a roofed open-sided outhouse, soil temperatures 
in the pots being governed, therefore, by the prevailing air temperatures. 
Each of these experiments contained at least one treatment in which large 
amounts of dry, powdered sheep dung was incorporated in the soil 
before the carthworms (A. caliginosa) were introduced. The increases in 
earthworm weight in these treatments are shown in Table 1. 


TABLE |. INCREASE IN WEIGHT OF WORMS 


T ] ei 
| Initial % 


Š | ‘ Dry | Dry | re oe) poe | Treanna 
Exp. E TA i Neight | Weight |” | Weight |in Tota 
No. | Pxperimental Period | GR Soil [OF Dung t Sartid of | Weight 
(g) (g) | Worms | of 
| | | (g) | Worms 
i 25/2/49—25/4/49 7500 192 | 10 45 124 
2 2475/49—26/7/49 7009 200 25 7.6 121 
3 10/874+9—11/10/49 6000 200 | 100 31.5 66 
4 16/12/50—13/2/51 1500 71 50 17.3 60 


Discussion 


Weights and numbers of earthworms found in this study are con- 
siderably higher than those quoted by Evans (1948) and Hopp (1947) 
for English and American pastures respectively. The former records 
numbers varying between 600,000 and 750,000 weighing from 800 to 
1,009 Ib. per acre; the latter states that figures up to 450,000 and 560 lb. 
were not uncommon, In the present investigation worm numbers ranged 
vetween 3 and 5 million per acre and worm weights between 1,300 and 
2,700 Ib. These high figures are undoubtedly due to the high productivity 
of the pasture, and the fact that the soil and climatic conditions that 
favour the growth of such highly productive pasture are just those that 
exclude extremes of soil moisture and soil temperature, which other 
workers have concluded to be adverse to earthworms. 


The factors that must be considered as possible causes of the 
seasonal variations in weight and number of earthworms present are 
soil temperature, soil moisture, changes in food supply, and factors 
connected with the life cycle of the species concerned, such as periodicity 
cf breeding and hatching, rate of growth, longevity, etc. 


Littie is known of the life cycle of A. caliginosa and L. rubellus 
under New Zealand conditions. There is, however, evidence in Fig. 3 - 
of seasonal periodicity in the hatching rate of L. rubellus, but the 
seasonal influx of young worms in the autumn of each year is not of 
itself sufficient to explain the seasonal increases in the numbers of large 
worms, nor is the scarcity of young worms during the spring and summer 
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of each year sufficient to explain the seasonal decreases in the numbers 
of large worms, since only in the spring of 1952 when total weight 
increased and number of large worms remained constant was this 
demonstrably a limiting factor. 


In Evans and Guild’s study (1947), soil moisture varied from about 
156 to +7% and soil temperature from 32° to 67°F., and they reported 
that there were clear responses to changes in soil temperature and soil 
moisture in all species. In Hopp’s study (1947), the maximum air 
temperature was below freezing for two days. On tilled plots the soil 
froze to an average depth of + in. on 2 December, but on sod and 
mulched plots soil temperatures were above freezing. On tilled plots 
the earthworm population decreased by approximately 50% during the 
freeze while in the sod ‘plots the earthworms increased by 23%. It was 
not until the latter half of January that the soil froze deeply under sod, 
and by that time the earthworms had become tolerant of freezing 
temperature. Hopp estimates the optimum temperature for earthworms 
to be about 36°F. 


On the Manawatu silt loam at Grasslands, 4-in. soil temperatures 
ranged from 39° to 76°F., summer temperature varying between 
60° and 70°F. and exceeding 70°F. for more than three consecutive 
days only in the summer of 1954. Winter temperatures should not have 
been detrimental to the earthworms, and, since in the feeding trials 
increases in earthworm weight of from 60% to 120% were recorded at all 
seasons, it is improbable that summer temperatures were detrimental 
either. Fig. 1 shows that earthworm weights tended to fall during periods 
of rising soil temperatures and to rise during periods of falling soil 
temperatures, but, in view of what has been said above and in view 
of the fact that in the spring of 1952 earthworm weights increased by 
72% while temperatures were still rising, it seems improbabie that this 
relationship was a Causative one. 


There is also evidence from pot experiments conducted at Grass- 
lands that high soil moistures are not detrimental to earthworms 
provided there is free drainage of excess water. In pasture, however, 
high soil moisture is often associated with adverse conditions of low 
soil aeration set up by burrow flooding and surface pugging by stock. 
These conditions occurred in the pasture sampled, and may well have 
had an adverse effect upon the earthworm population. This is the 
more likely since periods of high soil moisture were usually followed by 
a decrease in earthworm weights (Fig. 1). It is possible too that low 
soil moisture, by causing the A. caliginosa to stop feeding and go into 
diapause, as they regularly did each summer, also had adverse effects 
upon the earthworm weights, but, droughts being of short duration and 
never very intense, these effects do not show up clearly in the data. Thus, 
while it is apparent that conditions associated with high soil moisture 
were detrimental to earthworms, there is no evidence that low soil 
moistures were detrimental. 


Earthworm weights did not, however, fall immediately when 
soil moisture became high, but approximately a month later, nor did they 
rise immediately when soil moisture became moderate again, but con- 
tinued to fall for one to two months. It is clear, therefore, that though 
the earthworms may have been adversely affected by high soil moisture 
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they were not controlled by this closely. It is also clear that moderate 
soil moisture is not all that is required to produce a rise in earthworm 
weights. 

The size of a population may be limited by unfavourable environ- 
mental conditions or by food supply. The fact that this study does not 
indicate close control of seasonal trends in the total weight of earthworms, 
either by environmental conditions of by a marked annual hatching cycle, 
suggests that a varying food supply may have been the main controlling 
factor. 


[t was shown in a previous paper (Waters, 1951) that the weight 
of earthworms that a pasture will support is almost directly proportional 
to its dry-matter production, and it was concluded that this was so 
because the more productive a pasture is the more food it can provide 
for earthworms. But pot experiments have shown (R. A. S. Waters, 
unpublished data) that earthworms do not eat live herbage or live roots, 
since they lost weight in pots where these were the only organic materials 
supplied, and since no plant damage was observed under these conditions. 
The earthworm food that a pasture provides must consist, therefore, of 
the dead pasture debris. Consequently, earthworm weights are related 
to the production of dry herbage, not directly, but through the production 
of dead pasture debris. 


This pasture debris consists of dung, dried herbage, and dead root. 
About a quarier of a pound of dung is returned by the grazing animal 
lor each pound of dry herbage eaten. The amount of herbage debris 
produced depends upon weather conditions and grazing management 
The amount of root debris is proportional to the amount of root growth, 
which is generally one third to one half as great as the herbage growth. 
The rate at which roots replace themselves is not, however, known. In 
any case the amount of root debris available may support a greater 
weight of earthworms than would at first be expected since the main- 
tenance requirement of a cold-blooded animal is probably less than that 
of a warm-blooded one, and since the fact that an earthworm can extract 
nourishment from another animal’s droppings testifies to its greater 
digestive efficiency. (Earthworms gained slightly more weight on dried 
sheep dung than on an equal weight of dried herbage, ground and mixed 
into the soil. ) 


Although not least in amount, dung would appear to be the least 
important of these food materials, previous studies having shown (Waters, 
1951) that when the sheep dung produced from a pasture is returned 
to it, at least when it is returned in powdered form, it increases the weight 
of earthworms present by little more than | cwt. per acre, whereas we are 
looking for a source of food that can support 12 to 24 cwt. of earthworms 
per acre. It may be, however, that the above estimate of the importance 
of dung is on the conservative side, since Watkin (1954), in preliminary 
studies, has found that sheep dung returned to pasture in the normal way 
considerably increases the earthworm population. But if dung is a 
major source of earthworm food we would expect, since dry matter pro- 
duction and hence dung production is about 5 to 6 times greater in the 
spring and summer than in the winter, that earthworm weights would 
rise in the spring instead of falling and would reach their peak in the 
summer, And even if much of the dung dropped in the spring and 
summer did not become available to the earthworms until the autumn, 
there still remains the observation (Waters, 1951) that our pastures will 
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support about 170 lb. of earthworms per 1,000 ib. of dry matter even 
if no dung is returned at all. It is concluded, therefore, that dung was 
uot a major source of food in this study. with the proviso that it may be a 
major source of food in other studies involving other earthworm species. 


Herbage debris is probably not the chief food of earthworms either, 
since, although feeding experiments show that decaying herbage is 
consumed, the amount of herbage debris that remains after the stock have 
grazed a pasture is too small to support a weight of earthworms averaging 
2,000 ib. per acre and equal in weight to the weight of the stock carried. 
It appears, therefore, that dead root debris must be the chicf food of 
carthworms. 


It has been found that new roots are produced most abundantly 
during the winter and spring, whereas during the late summer and 
autumn there is a considerable death of roots, which in a vigorously 
growing pasture tend to disappear from the soil by about the middle of 
the following winter (E. A. Jacques, pers. comm.). These findings 
are confirmed by Stuckey (1941), Troughton (1951), and others. It 
has also been found that there is a considerable death of tillers during 
and after dry periods, particularly if these occur in the summer and 
early autumn when the grasses are in their reproductive phase (K. J. 
Mitchell, pers. comm.). 


Earthworm weights usually rise during the late summer, autumn, 
and early winter, when root and herbage debris is greatest in amount 
and dung and herbage production relatively low, and fall during the late 
winter, spring, and summer, when dung and herbage production is 
greatest in amount (Fig. 1). Thus the variations in earthworm weights 
are in closer accord with the variations in the supply of pasture-plant 
debris than they are with any other factor. It is probable, therefore, 
dead roots being the chief food of our earthworm species, that it is the 
increase in the supply of dead plant debris that accounts for the rises 
in the earthworm weights, and that it is the exhaustion of this supply 
that is mainly responsible for the falls in the earthworm weights. 


The rise in earthworm weights that occurred in the spring of 1952 
can be explained on this hypothesis since the high soi] moistures of winter 
and spring were interrupted by a short dry period which, according to 
field observations at the time, induced considerable tiller death, with 
accompanying root death, earlier in the year than usual. The additional 
supply of food that thus became available, plus any surface accumulation 
of dung and herbage debris that may have been previously unavailable 
on account of weather conditions unfavourable to surface feeding, 
presumably induced the rise in earthworm weights that then took place. 


A further iilustration of how earthworm weights can be influenced 
by the supply of pasture-plant debris is probably to be found in the fact 
that the rises in the weights of L. rubellus are of greater relative 
magnitude than the rises in the weights of A. caliginosa. This is thought 
to be because, as feeding trials have shown, L. rubellus feeds more readily 
on herbage debris at the surface than A. caliginosa, and has, therefore, 
at those times when both root and herbage debris are available, a more 
plentiful food supply. On the other hand, when only dead root debris 
is available L. rubellus must be at a disadvantage, since this species does 
not thrive as well as A. caliginosa on subsurface feeding. 
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It is concluded, therefore, that under the climatic conditions and 
with the earthworm species found at Grasslands, the seasonal increases 
in carthworm weights and numbers are caused mainly by seasonal flushes 
of dead root and to a lesser extent dead herbage debris, while the 
seasonal decreases are due, either to the exhaustion of these food flushes, 
or to the adverse effect of the poor soil aeration accompanying high soil 
moistures, or to both of these factors in conjunction. 


Large increases in weight unaccompanied by proportional increases 
in number of large worms show, however, that the number of earthworms 
present has occasionally been limited by other factors such as death of 
young, as in the case of A. caliginosa, or insufficiency of hatchings, as 
in the case of L. rubellus, but there is no evidence that these limitations 
were seasonally imposed. 
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